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Due to the limited ultrastructural information about the coronavirion, little is known about the interactions 
acting at the interface between nucleocapsid and viral envelope. Knowing that subtle mutations in the 
carboxy-terminal endodomain of the M protein are already lethal, we have now probed the equivalent domain 
of the spike (S) protein by extending it terminally with a foreign sequence of 27 kDa: the green fluorescent 
protein (GFP). When expressed individually in murine cells, the S-GFP chimeric protein induced the formation 
of fluorescent syncytia, indicating that it was synthesized and folded properly, trimerized, and transported to 
the plasma membrane, where it exhibited the two key S protein functions, i.e., interaction with virus receptor 
molecules and membrane fusion. Incorporation into virus-like particles demonstrated the assembly compe¬ 
tence of the chimeric spike protein. The wild-type S gene of mouse hepatitis coronavirus (MHV) was subse¬ 
quently replaced by the chimeric construct through targeted recombination. A viable MHV-SGFP was ob¬ 
tained, infection by which could be visualized by the fluorescence induced. The efficiency of incorporation of the 
chimeric protein into particles was, however, reduced relative to that in wild-type particles which may explain, 
at least in part, the reduced infectivity produced by MHV-SGFP infection. We conclude that the incorporation 
of spikes carrying the large GFP moiety is apparently impaired by geometrical constraints and selected against 
during the assembly of virions. Probably due to this disadvantage, deletion mutants, having lost the foreign 
sequences, rapidly evolved and outcompeted the chimeric viruses during virus propagation. The fluorescent 
MHV-SGFP will now be a convenient tool to study coronaviral cell entry. 


Enveloped viruses acquire their lipid envelope by budding 
from cellular membranes. This budding process involves the 
specific association of viral membrane proteins and capsid pro¬ 
tein, together with the viral genomic RNA/DNA, into a virus 
particle. The selective inclusion of viral proteins generally re¬ 
sults in the exclusion of the abundantly present cellular pro¬ 
teins from the virus particle in such a way that the protein 
content of the virion is essentially of viral origin. This is estab¬ 
lished by affinity interactions among the viral proteins in addi¬ 
tion to the concentration of the viral proteins at the site of 
budding at membrane microdomains. Alphaviruses do not al¬ 
low the incorporation of host proteins, probably because of the 
extensive and specific interactions between the spikes them¬ 
selves and with the nucleocapsid during the budding process. 
However, retroviruses, dependent for budding only on the Gag 
protein, seem to incorporate many cellular membrane pro¬ 
teins, which are present at the site of budding (reviewed in 
reference 18). The inclusion of host proteins apparently de¬ 
pends strongly on the structural organization of enveloped 
viruses. 

Coronaviruses are among the largest enveloped RNA vi¬ 
ruses, measuring 80 to 120 nm in diameter. They contain a 
helical nucleocapsid, which consists of an ~30-kb positive- 
stranded RNA genome encapsidated by the nucleocapsid pro¬ 
tein N (~60 kDa). The nucleocapsid is incorporated into a 
viral particle by budding into the early compartments of the 
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exocytic pathway (23, 24, 44), thereby acquiring the viral en¬ 
velope. The viral membrane accommodates at least three dif¬ 
ferent membrane proteins: a type III, triple-membrane-span¬ 
ning membrane protein M (~25 kDa); a small hydrophobic 
envelope protein E (~10 kDa); and the large type I spike 
protein S (~200 kDa). Some coronaviruses also contain the 
hemagglutinin-esterase protein HE (~65 kDa) (39). The M 
and E proteins are essential for virus budding. Coexpression of 
these proteins leads to nucleocapsid independent budding of 
coronavirus-like particles (VLPs) (45). Incorporation of spikes 
into virions and VLPs is mediated by interaction of the S 
protein with the M protein (7, 32, 45). The M protein also 
facilitates the nucleocapsid packaging into virions by interac¬ 
tion with the nucleocapsid protein (26) and with the genomic 
RNA (17, 30). 

The mouse hepatitis coronavirus A59 (MHV-A59) spike 
protein is a class I membrane fusion protein (2) and is solely 
responsible both for virus entry and for cell-cell fusion. The 
spikes appear on the virion as large characteristic surface pro¬ 
jections ca. 20 nm in length. The S protein is synthesized in the 
rough endoplasmic reticulum, where it folds and oligomerizes 
slowly (31, 46) into dimers (27, 48) or trimers (9). A fraction of 
the protein is transported to the plasma membrane where it 
induces cell-cell fusion. In the virion the 1,324-amino-acid (aa) 
membrane protein consists of a large (1,263-aa), extensively 
N-glycosylated amino-terminal ectodomain; a hydrophobic 
(29-aa) transmembrane domain (TM); and a short (32-aa) 
hydrophilic carboxy-terminal endodomain. Upon passage 
through the Golgi compartment, the 180-kDa spike may be 
cleaved by furin-like enzymes (unpublished results) into two 
subunits (SI and S2) of approximately the same size, which 
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remain noncovalently linked. The SI subunit is responsible for 
receptor binding (1, 20, 42), whereas the membrane bound S2 
subunit is involved in membrane fusion (49). The TM and/or 
endodomain of S is responsible for interaction with the M 
protein and incorporation into the virion (19). 

In the present study, we investigated the structural require¬ 
ments for coronavirus assembly. Little is known about the 
structural organization of coronaviruses. Ultrastructural re¬ 
search on coronaviruses based on crystallography and electron 
microscopy has been hampered by the pleiomorphic nature of 
these viruses. The structure of the nucleocapsid is still unre¬ 
solved, and it is unknown how it fits to the viral membrane and 
to the luminal parts of the membrane proteins E, M, and S. 
Mutagenesis studies on the MHV M protein have shown that 
subtle changes in the carboxy terminus were already fatal and 
impaired the assembly of viral particles (5). Just like those of 
the M and E proteins, the membrane-exposed carboxy-termi- 
nal part of S is rather short, and the function of this domain is 
currently unknown. The cytoplasmic domain of S might be 
involved in interaction with the M protein and/or the nucleo¬ 
capsid. To get more insight into this matter, we made use of 
our recently established targeted recombination system in or¬ 
der to test whether modification of the carboxy terminus of S 
is tolerated. Rather than starting by making subtle mutations, 
we decided to extend the domain substantially by a foreign 
sequence. Thus, we tested whether appending the sequence of 
the green fluorescent protein (GFP) would be tolerated. If so, 
this would provide us at the same time with a recombinant 
virus suitable for future studies, for instance on viral entry. 

In the S-GFP fusion protein constructed, the cytoplasmic 
domain was extended by 282 residues. This protein was found 
to be fusion active and to be incorporated into VLPs. Using 
targeted RNA recombination, a viable recombinant virus 
(MHV-SGFP) was obtained in which the spike gene was re¬ 
placed by the S-GFP gene. This virus indeed contained the 
fusion protein and was fluorescent. Genetic stability experi¬ 
ments revealed that the GFP gene was not maintained result¬ 
ing in the gradual loss of GFP sequences during passage of the 
virus. 


MATERIALS AND METHODS 

Virus, cells, and antibodies. The preparation of recombinant wild-type MHV- 
A59 (MHV-WT) has been described previously (6). Recombinant vaccinia virus 
encoding the T7 RNA polymerase (vTF7.3) was obtained from B. Moss. OST7-1 
(12) (obtained from B. Moss) and LR7 cells (25) were maintained as monolayer 
cultures in Dulbecco modified Eagle medium (DMEM) containing 10% fetal calf 
serum (FCS), 100 IU of penicillin/ml, 100 |xg of streptomycin/ml (DMEM-FCS) 
(all from Life Technologies). The monoclonal antibody (MAb) J1.3 against the 
amino terminus of MHV M (anti-M) (43) and the MAb WA3.10 directed against 
the MHV S protein (anti-S) (16) were kindly provided by J. Fleming (University 
of Wisconsin, Madison). The production of polyclonal antiserum K134 to MHV- 
A59 (anti-MHV) has been described previously (36). The goat anti-rabbit red 
fluorescent antibody Cy5 was purchased from Jackson Immunoresearch Labo¬ 
ratories, and the polyclonal antiserum against GFP (anti-GFP) was purchased 
from Clontech. 

Plasmid constructs. Expression vectors, used in the vTF7.3 expression system, 
contained the genes under the control of the bacteriophage T7 transcription 
regulatory elements. The expression constructs pTUMM, pTM5ab, and pTUMS 
contain the genes encoding the MHV-A59 M, E, and S proteins, respectively, 
cloned into the pTUG31 plasmid (45, 47). The plasmid pTUGS-GFP, encoding 
the S-GFP protein, was created in three stages. First, the BamHI-Styl fragment 
of the pTUMS plasmid (45) corresponding to the ectodomain of the MHV-A59 
S protein was blunted by using the Klenow enzyme. The fragment was cloned 


into the BamHI-linearized and blunted pTUG31 vector (47). The resulting 
vector was designated pMHVSATMCD and contained the sequence encoding 
the S ectodomain under a T7 promoter with a unique BamHI site at its 5' end. 
Second, the pMHVSATMCD vector was digested with BamHI and blunted by 
using Klenow enzyme, followed by heat inactivation of the enzyme. After re¬ 
striction with the Mlul enzyme, the linearized pMHVSATMCD vector was 
isolated from an agarose gel. Primer 974 (5'-GTGGATCCATCGAAGGTCGT 
AATGCAAATGCTGAAGC-3') and primer 1508 (5' -AGATCTCTGCAGCG 
GCCGCGATAGTGGATCCTCATGAGAG-3') were used to amplify by PCR 
the ~l-kb sequence of the 3' end of the S gene by using the pTUMS plasmid as 
a template. Primer 1508 lacks the stop codon of spike gene and contains an 
overhang with a BamHI, a Notl, and a PstI site. The PCR product was digested 
with Mlul, and the 400-bp fragment containing the 3' end of the S gene was 
purified from agarose gel and ligated into the linearized and Mlul-treated 
pMHVSATMCD vector. The resulting vector contained the entire spike gene 
except the stop codon under a T7 promoter and was designated pTUGS(stop - ). 
Third, the final pTUGS-GFP vector was created by ligating the BamHI-Notl 
fragment of pEGFP-N3 (Clontech) into the BamHI-Notl-digested pTUGS 
(stop - ) vector. The final construct was verified by DNA sequencing. 

The transcription vector pXHSGFP, needed to produce donor RNA for the 
construction of recombinant MHV-SGFP via targeted recombination, was cre¬ 
ated by ligation of the MluI-PstI fragment of pTUGS-GFP into the Mlul- 
Sse8387I-digested pMH54 vector (25). 

Construction of recombinant MHV-SGFP. The chimeric S-GFP gene was 
transferred into the MHV genome by targeted RNA recombination as described 
previously (6, 22). Capped, runoff donor RNAs transcribed from the Pacl- 
truncated pXHSGFP vector were electroporated into feline FCWF cells that had 
been infected 4 h earlier by fMHV (25). These cells were then divided over two 
T25 flasks containing a monolayer of LR7 cells to obtain two independent 
recombinant viruses (MHV-SGFP A and B). Progeny viruses released into the 
medium were harvested, and candidate recombinants were selected by two 
rounds of plaque purification on LR7 cells. 

Confocal laser scanning microscopy (CLSM). Confocal images of S-GFP 
transfected OST7-1 cells, MHV-SGFP-infected LR7 cells, or fluorescent MHV- 
SGFP virions were taken on a Leica inverted fluorescence microscope equipped 
with an argon and helium ion laser and with a X40 or X100 oil immersion 
objective lens. Enhanced GFP was excited at 488 nm; Cy5 was excited at 568 nm. 

Growth curves. Confluent monolayers of LR7 cells in 35-mm dishes were 
infected with either MHV-WT or MHV-SGFP at a multiplicity of infection 
(MOI) of 1, followed by incubation for 1 h at 37°C. Cells were subsequently 
washed with DMEM and then fed with DMEM-FCS. Samples from the culture 
medium taken at different times postinfection (p.i.) were titrated by an endpoint 
dilution assay, and titers expressed as 50% tissue culture infectious doses 
(TCID 50 ) were calculated. 

Passaging of MHV-SGFP and RT-PCR analysis. The MHV-SGFP virus was 
passaged for six successive rounds on LR7 cells at an MOI of 0.05. The presence 
of the inserted GFP gene was checked by reverse transcription-PCR (RT-PCR) 
on samples taken from the culture fluids. An RT reaction was performed on the 
MHV-SGFP and MHV-WT genome by using primer 1261 (5'-GCTGCTTACT 
CCTATCATAC-3'), which is complementary to the open reading frame 5 
(ORF5) region. A PCR was performed on the RT product by using primer 935 
(5'-GCACAGGTTGTGGCTCATG-3') and primer 1090 (5' -GATTCAGGTTT 
GTAACATAATCTAGAGTCTTAGG-3'). These primers map in the ectodo¬ 
main of the S gene and the ORF4 TRS, respectively. The two plasmid vectors 
used to construct MHV-WT (pMH54) and MHV-SGFP (pXHSGFP) were taken 
along as controls. The PCR products obtained for MHV-SGFP A and B passage 
6 were cloned into pGEM-T-Easy and subsequently sequenced by using primer 
935. 

Immunofluorescence. The percentage of S-GFP expressing viruses of MHV- 
SGFP A and B at passages 1, 2,4, and 6 was determined by immunofluorescence. 
LR7 cells, grown on 12-mm coverslips, were infected in DMEM at an MOI of 
0.5. At 1 h p.i., cells were washed with DMEM and overlaid with DMEM-FCS 
containing 1 |xM HR2 (2) to prevent cell-cell fusion. At 8 h p.i., cells were fixed, 
permeabilized, and labeled as described previously (31) with the anti-MHV 
serum (1:400) in combination with a red fluorescent Cy5 secondary antibody 
(1:200). The percentage of green fluorescent cells (GFP positive) over red flu¬ 
orescent cells (MHV positive) was determined by random counting of 100 cells. 

Vaccinia virus infection, DNA transfection, and metabolic labeling of OST7-1 
cells. Subconfluent monolayers of OST7-1 cells in 10-cm 2 tissue culture dishes 
were inoculated with vTF7.3 in DMEM at an MOI of 10. At 1 h p.i., cells were 
washed with DMEM and overlaid with transfection medium consisting of 0.2 ml 
of DMEM that contained 10 jxl of Lipofectin (Life Technologies), 5 |xg of 
pTUMM, 1 fjig of pTM5ab, and 2 |xg of either pTUMS or pTUGS-GFP. After 
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10 min at room temperature, 0.8 ml of DMEM was added, and incubation was 
continued at 37°C. At 4.5 h p.i., cells were washed with DMEM and starved for 
30 min in cysteine- and methionine-free minimal essential medium containing 10 
mM HEPES (pH 7.2) without FCS. The medium was subsequently replaced by 
600 |jl1 of the same medium containing 100 |xCi of 35 S in vitro labeling mixture 
(Amersham). At 6 h p.i., the radioactivity was chased by incubating the cells with 
2 ml of DMEM containing 2 mM methionine and cysteine. After 3 h, the dishes 
were placed on ice, and the culture media were collected and cleared by cen¬ 
trifugation for 15 min at 4,000 X g and 4°C. Cells were washed with ice-cold 
phosphate-buffered saline (PBS) and lysed with 600 |xl of detergent buffer (50 
mM Tris-Cl [pH 8.0], 62.5 mM EDTA, 0.5% sodium deoxycholate, 0.5% Nonidet 
P-40) containing 1 mM phenylmethylsulfonyl fluoride. Lysates were cleared by 
centrifugation for 10 min at 13,000 X g at 4°C. Viral proteins in the cell lysates 
and VLPs in the culture medium were subjected to immunoprecipitation in the 
presence or absence (affinity purification) of detergents, respectively. Cell lysates 
(100 pi) or cleared culture medium (300 pil) were diluted 2.5 times with deter¬ 
gent buffer or with TEN buffer (10 mM Tris [pH 7.6], 1 mM EDTA, 50 mM 
NaCl), respectively, and subsequently incubated overnight at 4°C with the anti- 
MHV serum (2 p.1) or the anti-S MAb (20 (jlI). The immune complexes were 
adsorbed to Pansorbin cells (Calbiochem) for 30 min at 4°C and collected by 
low-speed centrifugation. Pellets were washed three times by resuspension and 
centrifugation with either detergent buffer (cell lysates) or TEN buffer (culture 
medium). Pellets were resuspended and heated in Laemmli sample buffer at 
95°C for 2 min before being analyzed by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) in 15% polyacrylamide gels. 

Infection and metabolic labeling of LR7 cells. Subconfluent monolayers of 
LR7 cells in 10-cm 2 dishes were inoculated with either MHV-WT or MHV- 
SGFP A or B (passage 2) in DMEM at an MOI of 1 for 1 h. Subsequently, cells 
were washed with DMEM and incubated under DMEM-FCS. At 5.5 h p.i., the 
cells were washed with DMEM and starved for 30 min in cysteine- and methi- 
onine-free MEM containing 10 mM HEPES (pH 7.2). The culture medium was 
then replaced by 600 p.1 of the same medium but containing 100 jiCi of 35 S in 
vitro labeling mixture (Amersham). At 7 h p.i., the radioactivity was chased by 
incubating the cells with DMEM containing 2 mM methionine and 2 mM cys¬ 
teine. After 2 h, the cells were placed on ice, and the culture media were 
collected and cleared by centrifugation for 15 min at 4,000 X g and 4°C. Cells 
were washed with ice-cold PBS and lysed with lysis buffer (20 mM Tris [pH 7.6], 
150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS). Ly¬ 
sates were cleared by centrifugation for 10 min at 13,000 X g at 4°C. Cell lysates 
were diluted 2.5 times with lysis buffer. The cleared culture media were supple¬ 
mented with 1/4 volume of 5X lysis buffer. Viral proteins in the cell lysates and 
culture media were incubated overnight at 4°C with the anti-MHV serum (2 (jlI), 
the anti-S MAb (20 p.1) or the anti-GFP serum (1 p.1; Clontech). The immune 
complexes were adsorbed to Pansorbin cells for 30 min at 4°C and were subse¬ 
quently collected by low-speed centrifugation. Pellets were washed three times 
with lysis buffer. Pellets were resuspended and heated in Laemmli sample buffer 
at 95°C for 2 min before being analyzed by SDS-PAGE in 15% polyacrylamide 
gels. 

For quantification of the relative presence of the viral proteins in coronavirus 
particles released into the culture medium, the above procedure was modified 
slightly. The cleared culture media were again diluted 2.5 times with TEN buffer, 
but the particles were affinity purified with either the anti-M MAb (20 p.1) or the 
anti-S MAb (20 p.1). Pellets were washed three times with TEN buffer. Quanti¬ 
fication of the radioactivities in the protein bands in the dried gels was carried 
out by phosphorscanning of dried gels by using a Storm 860 (Molecular Dynam¬ 
ics). 

Virus purification. Virus present in the culture medium of infected cells was 
partially purified as follows. The virus-containing medium was centrifuged at 
3,000 rpm for 5 min, and the supernatant was centrifuged again for 5 min at 
15,000 rpm to remove any cell debris and nuclei. Virus in the supernatant was 
subsequently pelleted through a 20% sucrose cushion for 2 h at 25,000 rpm and 
4°C by using an SW28 rotor. The virus pellet was carefully resuspended in 100 p.1 
of PBS for 4 h on ice. 


RESULTS 

Construction and functional analysis of S-GFP fusion pro¬ 
tein. To evaluate whether extension of the relatively short 
coronavirus spike endodomain by a long polypeptide would 
affect the protein’s biological functions and, in particular, 
whether this would impair incorporation into particles to yield 


infectious virus, we appended the (enhanced) GFP gene to the 
carboxy-terminal end of the S gene in an expression vector via 
a short linker sequence corresponding to 5 aa residues. The 
resulting carboxy-terminal 239-residue extension of the endo¬ 
domain is predicted to increase the S protein’s molecular mass 
by ca. 27 kDa (Fig. 1). 

The S protein is responsible for both virus-cell and cell-cell 
fusion. To examine the functionality of the chimeric protein 
with respect to membrane fusion, the S-GFP gene and the 
wild-type S gene were transiently expressed in OST7-1 cells by 
using the recombinant vaccinia virus-bacteriophage T7 RNA 
polymerase system. Cells were subjected to immunofluores¬ 
cence and analyzed by CLSM. In both cases, extensive cell-cell 
fusion was observed (Fig. 2A and C). When excited at the 
excitation wavelength of GFP at 488 nm, only cells expressing 
the S-GFP protein appeared to be green fluorescent (Fig. 2D), 
in contrast to cells expressing the wild-type S protein (Fig. 2B). 
Thus, despite its large extension, the spike protein appeared to 
be properly folded, transported to the plasma membrane, able 
to bind MHV receptor on neighboring cells, and cause fusion 
with these cells. 

The coronaviral membrane proteins, when coexpressed in 
cells, assemble into VLPs that are morphologically indistin¬ 
guishable from normal virions (45). As a first test to study 
whether the S-GFP protein was able to interact with the M 
protein and be assembled into VLPs, we coexpressed the M 
and E protein together or in combination with either the wild- 
type S or the S-GFP protein by using the vaccinia virus expres¬ 
sion system. Cells were labeled with 35 S-labeled amino acids 
from 5 to 6 h p.i., followed by a 2-h chase. Viral proteins were 
immunoprecipitated from the cell lysates, and VLPs were af¬ 
finity purified from the culture media with either a polyclonal 
anti-MFIV serum or a monoclonal anti-S antibody and ana¬ 
lyzed by SDS-PAGE (Fig. 3). 

The results obtained with the anti-MHV serum showed that 
M, S, and S-GFP were well expressed intracellularly (Fig. 3A). 
The carboxy-terminal GFP extension of the S protein obviously 
results in a decreased electrophoretic mobility. The E protein 
was not detected since it is not recognized by the serum (6). 
Using the anti-S MAb, we analyzed whether the M and S-GFP 
protein interact. In the absence of any S protein, no immuno¬ 
precipitation of M was seen. However, the M protein was 
coimmunoprecipitated when either the S protein or, to a lesser 
extent, when the S-GFP protein was coexpressed (Fig. 3A). To 
analyze the incorporation of S-GFP into VLPs, an affinity 
purification was performed with anti-S MAbs by using the 
appearance of the M protein as a readout parameter. As Fig. 
3B shows, the VLPs produced by the coexpression of M and E, 
detectable by affinity purification from the culture fluid with 
the anti-MHV serum, could not be isolated by the MAb. They 
were, however, isolated not only when the wild-type S protein 
was additionally coexpressed but also in the presence of the 
S-GFP protein. In conclusion, despite the large endodomain 
extension of S, the S-GFP is still able to associate with the 
membrane protein M and to assemble into VLPs. 

Construction of recombinant MHV expressing S-GFP. Thus 
far, the chimeric S-GFP protein had performed all of the 
canonical functions of the spike protein. Our next question was 
whether the cytoplasmic domain extension, which apparently 
did not prevent its assembly into VLPs, would interfere with 
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FIG. 1. (A) Schematic diagram of the MHV S and S-GFP protein. The arrowhead indicates the cleavage site, where posttranslational cleavage 
of S into two subunits (SI and S2) takes place. In S-GFP the GFP protein is fused to the carboxy terminus of the S protein. The dashed lines 
indicate the position of the transmembrane region. (B) Plasmid constructs, targeted recombination, and recombinant viruses. The plasmid pMH54 
(described previously [25]) and pXHSGFP (see Materials and Methods) were used to transcribe the defective RNAs in vitro by using T7 
polymerase. The arrow at the left end of the vectors indicates the T7 promoter; the solid circle represents the polylinker between the 5'-end 
segment of the MHV genome (labeled 571) and the HE gene, followed by the structural and group specific genes, the 3' untranslated region 
(UTR) and the polyadenylate segment (together labeled as 3'/U). The positions of the numbered sequences shown in panel C correspond to the 
numbered arrowhead positions. At the top, a scheme is shown for targeted recombination by using the interspecies chimeric fMHV, which grows 
only in feline cells. Recombinant viruses generated by the indicated crossover event can be selected on the basis of their ability to grow in murine 
cells. The genomes of these viruses are represented at the right. (C) Sequences of the numbered junctions shown in panel B. The numbers 
correspond to those under the arrowheads in panel B. The amino acids encoded by the 3' end of the S and the GFP gene, by the linker sequence 
and by the 5' end of the GFP gene are indicated. The asterisk denotes the stop codon. The MHV TRS belonging to gene 4 is boxed. 


the assembly of virions. To this end, we attempted to generate 
an infectious recombinant virus bearing the S-GFP protein 
(MHV-SGFP) by targeted RNA recombination (25). Thus, 
we prepared a transcription vector in which the S gene was 
replaced by the S-GFP gene, yielding the donor plasmid 
pXHSGFP (Fig. IB). As a control, we used the parental vector 
pMH54 to reconstruct recombinant “wild-type” MHV-A59 
(MHV-WT) as we showed earlier (6). The pMH54 transcrip¬ 
tion vector encodes a defective RNA composed of the genomic 
5' 467 nucleotides fused to the 3' part (~8.6 kb) of the genome 
(Fig. IB). The arrowheads in Fig. IB indicate the junctions at 
the 5' end of either the S (1) or S-GFP gene (3) and the linker 
region between the S and the GFP gene (2), the sequences of 
which are shown in Fig. 1C. The MHV-SGFP recombinant 


virus was generated by targeted RNA recombination with 
fMHV, an MHV derivative in which the S protein ectodomain 
is of feline coronavirus origin (25). Briefly, feline cells were 
infected with fMHV and transfected with a runoff transcript of 
the pXHSGFP vector. Recombinant viruses containing the 
murine spike were selected by growth in murine cells, as we 
described previously (6). Two independently obtained recom¬ 
binant viruses (MHV-SGFP A and B) were cloned by two 
rounds of plaque purification on murine cells by picking fluo¬ 
rescent plaques. 

To show the fluorescence induced by the MHV-SGFP virus, 
cells were infected and viewed 8 h later by fluorescence mi¬ 
croscopy (Fig. 4). MHV-SGFP infection was found to induce 
large syncytia, which were green fluorescent (Fig. 4A). To 
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FIG. 2. CLSM of OST7-1 cells expressing the S (A and B) and 
S-GFP (C and D) proteins (X40 magnification). Cells were fixed at 8 h 
p.i., permeabilized, and processed for immunofluorescence by using 
the anti-MHV serum (1:400) and the red fluorescent Cy5 secondary 
antibody (1:200) and excited at 488 nm (GFP; B and D) or 568 nm 
(Cy5; A and C). 


observe the expression pattern of the S-GFP protein in single 
cells, we made use of a peptide (HR2) corresponding to the 
membrane proximal heptad repeat region in the spike protein, 
which is a potent inhibitor of cell-cell fusion (2). In the pres¬ 
ence of this inhibitor (1 p-M), the syncytia were no longer in¬ 
duced (Fig. 4B) and the green fluorescent signal was observed 
predominantly in a typical endoplasmic reticulum pattern 
throughout the cytoplasm, as seen also after immunofluores- 
cent staining of the wild-type S protein in MHV-A59-infected 
cells (31). 

Viability of MHV-SGFP. To analyze the effect of the mod¬ 
ification of the virus on its multiplication, we compared its 
growth in culture cells with that of MHV-WT (Fig. 5). Clearly, 
the replication of MHV-SGFP did not yield the titers of 
MHV-WT (ca. 1 log lower at f = 11). Since the modification of 
the S protein apparently affected the growth of the virus, it was 
of interest to investigate the genetic stability of the mutant 
virus. To this end, the MHV-SGFP virus was passaged six 
times on LR7 cells at low MOI (0.05). To determine the pres¬ 
ence of the S-GFP gene an RT-PCR was performed at passage 
2 (P2) and passage 6 (P6) as shown in Fig. 6A. The RT reaction 
was performed with primer 1062, which is complementary to 
the 3' end of the E gene. The PCR was carried out with the 
primers 935 and 1090, which localize in the 3' end of the S gene 
and the 3' end of gene 4, respectively (Fig. 6A). As controls, 
PCR was performed on the pXHSGFP (Cl) and pMH54 (C2) 
plasmid vectors, the vectors used to create MHV-SGFP and 
MHV-WT, respectively. Two PCR products were obtained 
with the passage 2 RNA of MHV-SGFP; the larger one of 
these comigrated with the PCR product obtained for the 
pXHSGFP vector. The smaller PCR product migrated with a 
mobility of ~500 bp, which corresponds to the expected prod- 



FIG. 3. Coimmunoprecipitation of the M protein by S-GFP fusion 
protein. (A) Coexpression in murine cells of the MHV M and E 
proteins either in the absence or in combination with the S or S-GFP 
protein. Cells were labeled with 35 S-labeled amino acids from 5 to 6 h 
p.i., followed by a 2-h chase. Immunoprecipitations were carried out on 
the cell lysates with the anti-MHV serum (a-MHV) or the anti-S MAb 
(a-S) and analyzed by SDS-PAGE. (B) SDS-PAGE analysis of VLPs 
affinity purified from the culture medium with a-MHV and a-S. The 
molecular mass markers are indicated on the left. Arrows on the right 
indicate the positions of the expressed proteins. 


uct size of 527 bp for the wild-type situation (C2). The RT- 
PCR product obtained with passage 6 virus RNA only showed 
the 500-bp product. Clearly, already after the second passage 
some of MHV-SGFP recombinant viruses had lost the GFP 



FIG. 4. CLSM of MHV-SGFP-infected LR7 cells grown in the 
presence (A) or absence (B) of membrane fusion inhibitor HR2 (X40 
magnification). 
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Time (h) post-infection 

FIG. 5. Growth kinetics of MHV-SGFP and MHV-WT. LR7 cells 
were infected with either MHV-WT or with the independent MHV- 
SGFP clones A or B at an MOI of 1. Viral infectivities in the culture 
media were determined at different times postinfection by a quantal 
assay on LR7 cells, and the TCID 50 values were calculated. 


sequence, which, due to their apparent growth advantage, had 
completely taken over the population at passage 6. The PCR 
product of passage 6 MHV-SGFP was cloned and sequenced. 
The sequence of two clones, both of passage 6 MHV-SGFP A, 
confirmed that the entire GFP sequence had been deleted 
(Fig. 6B). In addition, both sequences showed a deletion of 24 
nucleotides, corresponding to the carboxy-terminal 8 aa of the 


cytoplasmic domain of S. This deletion resulted in an extension 
of the ORF of clone 2 coding for 3 aa. Similar deletions of the 
GFP gene were observed for MHV-SGFP B (data not shown). 
The presence of deletion mutant viruses already in passage 2 
indicates the strong selection against viruses containing an S 
protein with an extended cytoplasmic domain. It is noteworthy 
that the C-terminal 8-aa truncation of the spike protein found 
in the MHV-SGFP passage 6 recombinants is apparently not 
required for virus assembly. This is consistent with results from 
a deletion study showing that a recombinant MHV lacking the 
C-terminal 12 residues of the spike protein exhibited only a 
slight decrease (~1 log) in virus production (data not shown). 

In order to investigate the loss of GFP sequences further, we 
quantified the fraction of viruses expressing fluorescence from 
MHV-SGFP passages 1, 2, 4, and 6 of clones A and B. LR7 
cells were infected with MHV-SGFP at an MOI of 0.5. In 
order to prevent cell-cell fusion, 1 p,M HR2 was added to the 
culture medium after inoculation. At 8 h p.i., cells were fixed 
and infected cells were labeled by using the anti-MHV serum 
in combination with a red fluorescent secondary antibody. The 
percentage of green fluorescent (GFP positive) over red fluo¬ 
rescent cells (MHV positive) was determined by counting un¬ 
der the microscope (Table 1). Of the cells infected with clone 
A and B passage 1 (PI) MHV-SGFP, 95 and 98% were positive 
for GFP, respectively. These numbers had dropped to 50 and 
80% in P2 and to 1 and 2% in P4, respectively. By passage 6 no 
green fluorescent cells could be detected. The rapid loss of 
GFP expression upon passaging was in agreement with the 


A 



B 


MHV-WT trs 

ATTGTGATACATAATATTTCCTCTCATGAGGATTGACTATCACAGCCCCTGCAGGAAAGACAGAA |\ATCrAAACfe ATTTATAGCAT 


V 


H N 


H E D 

4 - 


H 


MHV S' 

MHV-SGFP passage 6 cl. 1 

ATTGTGATA-.-.-.AACAATTTATAGCAT 

I V I N N L * 


MHV-SGFP passage 6 cl. 2 

ATTGTGATA-----TAGCAT 

I V I 

FIG. 6. (A) PCR analysis of recombinant MHV-SGFP. RT-PCR was performed on purified genomic RNA of MHV-SGFP from passage 2 and 
6 (P2 and P6, respectively) to analyze the presence of the GFP sequence. A water control (H 2 0) is also shown. As additional controls, a PCR was 
performed on the transcription vectors pXHSGFP (Cl) and pMH54 (C2). PCR products were analyzed by electrophoresis in 1% agarose gels and 
stained with ethidium bromide. Primers used in the experiment, their location on the genome, and the predicted sizes of the PCR products are 
indicated at the right. In the RT step, primer 1261 was used, whereas primers 935 and 1290 were used in the PCR step. The sizes of relevant DNA 
fragments of the 1-kb DNA marker ladder (M; Invitrogen) are indicated on the left. (B) Sequence analysis of passage 6 MHV-SGFP. The RT-PCR 
product obtained from MHV-SGFP clone A passage 6 was cloned into pGEMT-Easy, and plasmid DNA from two colonies was sequenced. The 
nucleotide sequences of the 3’ region of the spike gene of the two sequenced clones, as well as of MHV-WT, are shown. The translated amino 
acid sequences corresponding to the S ORF are indicated under the nucleotide sequence. Deletions in the nucleotide sequence are represented 
by dashed lines. The asterisks mark the stop codons. The TRS sequence of gene 4 is boxed. 
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TABLE 1. Loss of GFP expression of MHV-SGFP and 
increase of viral titers during virus passaging" 


Passage 6 

MHV-SGFP A 

MHV-SGFP B 

% GFP 

TCID 50 

% GFP 

tcid 50 

pi 

95 

1.0 X 10 5 

98 

1.5 x 10 5 

P2 

50 

6.8 X 10 s 

80 

1.0 x 10 6 

P4 

1 

2.2 x 10 s 

2 

1.5 x 10 6 

P6 

0 

6.8 x 10 s 

0 

1.0 x 10 7 


a % GFP, infected cells were detected by immunofluorescence microscopy for 
MHV infection by using an anti-MHV serum and the red fluorescent Cy5 
secondary antibody. The percentage of green fluorescent over red fluorescent 
(% GFP) cells was determined. 

b LR7 cells were infected with MHV-SGFP clones A or B, passages 1, 2, 4, and 

6 . 


RT-PCR results. The loss of GFP expression was accompanied 
by an increase in viral titers (Table 1) obtained with each 
subsequent virus passage, indicative for a gain in fitness upon 
deletion of the GFP gene. 

Detection of S-GFP in infected cells and virus particles. We 

analyzed the protein synthesis of S-GFP in MHV-SGFP-in- 
fected cells and its appearance in virions. LR7 cells were mock 
infected or infected with either MHV-WT or the two indepen¬ 
dent clones of MFIV-SGFP, A and B. Radiolabeled proteins 
were immunoprecipitated by using an anti-MHV serum, the 
anti-S MAb or the anti-GFP serum from the cell lysate or the 
medium, and analyzed by SDS-PAGE (Fig. 7). Immunopre- 
cipitates performed with the anti-MHV antiserum on MHV- 
WT-infected cell lysates showed the expression of the MHV 
structural proteins M, N, and S as indicated in Fig. 7A. Similar 
precipitates prepared with the MHV-SGFP A- and B-infected 
cell lysates revealed the presence of an additional band, which 
was also immunoprecipitated by using the anti-S MAb and the 
anti-GFP serum. This band, interpreted as the S-GFP fusion 
protein, migrated at ~220 kDa, in agreement with the ex¬ 
pected size of S-GFP. The gel analysis additionally showed a 
band (S*) with the size of wild-type S, which is precipitated by 
the anti-S MAb but not by the anti-GFP serum. This indicates 
that the passage 2 virus stocks already contained GFP deletion 
viruses, a finding consistent with the RT-PCR results. The 
S-GFP band was also immunoprecipitated from the culture 
media by using the anti-MHV serum, the anti-S MAb, and 
specifically the anti-GFP serum (Fig. 7B; more clear after a 
longer exposure in Fig. 7C). This indicates the incorporation of 
the S-GFP fusion protein into virions. Although the extracel¬ 
lular levels of M and N of MHV-WT and MHV-SGFP viruses 
were comparable, notably less S*/S-GFP was present in the 
MHV-SGFP viruses than S in MHV-WT viruses. 

To examine whether the GFP extension lowers the efficiency 
with which the S protein is incorporated into virions, we quan¬ 
tified the S protein in MHV-SGFP virions relative to that in 
MHV-WT. Radiolabeled virus particles were affinity purified 
from the culture medium of infected cells by using an anti-M or 
an anti-S MAb. The samples were analyzed by SDS-PAGE, 
and the radioactivities in the viral proteins M, N, and S (i.e., S 
alone for MHV-WT or S*+S-GFP for MHV-SGFP) were 
quantitated by phosphorimager scanning of the dried gels. The 
relative amounts of the viral proteins were determined and 
normalized to those of the wild-type virus (Fig. 8). Similar 
results were obtained with the two MAbs. No significant dif¬ 


ference was found in the relative amounts of M and N proteins 
in the two viruses; the calculated ratio of M to N in MHV- 
SGFP was close to 100% of the MHV-WT ratio. In contrast, 
the S/M and S/N ratios were dramatically decreased to ca. 20% 
of the values obtained for MHV-WT. This indicates an approx¬ 
imately fivefold reduction of mutant S protein into MHV- 
SGFP virions. It is of note that the intracellular S/M and S/N 
ratios were similar for both viruses (data not shown), ruling out 



FIG. 7. Viral proteins in the cell lysates and culture media of 
MHV-SGFP-infected cells. LR7 cells were either mock infected (lanes 
nr), infected with MHV-WT (lanes WT), or infected with MHV-SGFP 
clones A and B (lanes A and B). (A) At 5 h p.i., cells were labeled for 
1 h with 3S S-labeled amino acids and lysed immediately. Some cultures 
were further incubated with chase medium for 2 h, after which the 
culture supernatant was harvested and diluted with lysis buffer. Immu- 
noprecipitations were performed with the anti-MHV serum (a-MHV), 
the anti-S MAb (a-S), or the anti-GFP serum (a-GFP) from either the 
cell lysate (A) or the culture medium (B and C [panel C is a longer 
exposure of a section of panel B]) and analyzed by SDS-PAGE. The 
molecular mass marker is indicated on the left. Arrows on the right 
indicate the positions of the expressed proteins. 
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MHV-WT MHV-SGFP 



MHV-WT MHV-SGFP 


FIG. 8. Protein quantification of affinity-purified coronavirus par¬ 
ticles. LR7 cells were either mock infected, infected with MHV-WT, or 
infected with MHV-SGFP clone B. At 5 h p.i. cells were labeled for 1 h 
with 35 S-labeled amino acids and chased for another 2 h. Virus parti¬ 
cles were affinity purified from the cleared culture medium with either 
the anti-M MAb (a-M MAb) or the anti-S MAb (a-S MAb) and 
analyzed by SDS-PAGE. The amounts of radioactivity in the M, S 
(total, i.e., S+S-GFP), and N proteins in the dried gels were deter¬ 
mined by phosphorimager scanning. The ratios of the amounts of M to 
N, S to M, and S to N in affinity-purified MHV-SGFP relative to those 
in MHV-WT were calculated. 


the possibility that the results were caused by a reduced pro¬ 
duction of mutant S protein in MHV-SGFP-infected cells. 

Incorporation of S-GFP into coronavirus particles produces 
fluorescent virions. We finally analyzed whether the incorpo¬ 
ration of S-GFP molecules into virions gave rise to particles 
that are fluorescent. MHV-SGFP and MHV-WT were pro¬ 
duced in LR7 cells and concentrated by pelleting them through 
a sucrose cushion. The resuspended particles were examined 
by CLSM. As Fig. 9B illustrates, numerous fluorescent MHV- 
SGFP particles were visible. No such particles were seen with 
MHV-WT. 


technology for the genetic engineering of the coronaviruses 
(25). The present study demonstrates the high degree of tol¬ 
erance in the endodomain part of the protein, showing that 
infectious coronavirus was still being efficiently assembled after 
the S protein’s interior domain had been extended by some 27 
kDa of foreign protein sequence. Although this virus was 
somewhat less infectious and genetically unstable, the obser¬ 
vations provide new insights into the structural requirements 
for coronavirus assembly. 

Expression of GFP by coronaviruses has been reported be¬ 
fore. Unlike in the present study, in these earlier studies the 
GFP gene was inserted as an additional, separate transcription 
unit rather than as part of a structural protein gene. In the first 
demonstration that coronaviruses can serve as vectors for for¬ 
eign gene expression, the GFP gene was inserted in the MHV 
genome in place of the nonessential gene 4. The recombinant 
virus grew to high titers and was phenotypically indistinguish¬ 
able from the wild-type virus with respect to growth in tissue 
culture (15). Although the GFP protein could be detected in 
infected cells by Western blot analysis, the expression level was 
too low to be visualized directly by fluorescence microscopy. 
Recently, a similar recombinant MHV was prepared contain¬ 
ing the enhanced GFP gene; now, the fluorescence expressed 
in infected cells could readily be detected (38). The expression 
of the GFP gene appeared to be stable for over six passages. 
Two similar recombinant transmissible gastroenteritis viruses 
expressing the GFP protein were reported independently (3, 
41). In both, the nonessential gene 3A had been replaced by 
the foreign gene. Both viruses displayed wild-type growth ki¬ 
netics and exhibited stable GFP expression for at least 10 
passages. 

The chimeric S-GFP protein that we expressed exhibited all 
of the biological functions of the spike protein. The develop¬ 
ment of fluorescent syncytia upon its independent expression 
in mouse cells demonstrated that both its receptor binding and 
its membrane fusion function were operational. These ob¬ 
servations implied that the carboxy-terminal extension 
blocked neither the protein’s folding and oligomerization 
nor the transport of these complexes to the plasma membrane. 
The chimeric protein was also able to functionally interact with 
the M protein, as was clearly seen from the production of 
S-GFP containing VLPs during coexpression with the M and E 


DISCUSSION 

Coronaviruses appear to exhibit an exceptional flexibility 
regarding the incorporation of their spikes. On the one hand, 
particle assembly can occur perfectly well without any spikes 
being assembled, as was demonstrated both by blocking the 
proper folding of the S proteins in infected cells (21, 35, 37) 
and by the coexpression of the M and E proteins (45), which 
resulted in the formation of spike-less virions and VLPs, re¬ 
spectively. On the other hand, it appears that coronavirus as¬ 
sembly is tolerant to dramatic modifications of its spike pro¬ 
tein. This was shown earlier by the incorporation into VLPs 
(19) and virions (25) of chimeric spikes in which the S protein 
ectodomain was replaced by that of an unrelated coronavirus, 
a feature now forming the basis of the targeted recombination 



FIG. 9. CLSM on MHV-SGFP and MHV-WT. Virus obtained 
from ~10 7 infected LR7 cells was pelleted through a 20% sucrose 
cushion and resuspended in 100 pi of PBS. A 10-pl aliquot of either 
MHV-WT (A) or MHV-SGFP (B) was examined by CLSM (X100 
magnification). 
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proteins. When the S-GFP gene was finally incorporated into 
the MHV genome, replacing the wild-type S gene, the endodo- 
main extension did not prevent the assembly of the nucleocap- 
sid into particles and the formation of infectious vims. 

The fitness of the recombinant MHV-SGFP appeared to be 
affected by the foreign sequences. The virus grew to lower 
infectious titers than its equivalent wild-type, MHV-WT, 
whereas propagation of the virus quite rapidly led to loss of 
foreign sequences. This latter observation is not all that sur¬ 
prising in view of the mutability of RNA viruses in general and 
of coronaviruses in particular. The determinants for stability of 
foreign sequences engineered into coronaviruses are currently 
unknown, but it is clear that the stable maintenance of a for¬ 
eign gene is, among others, dependent on properties of that 
particular gene. Thus, whereas the stability of a firefly lucif- 
erase gene varied strongly dependent on its location in the 
MHV genome, the Renilla luciferase gene appeared to be 
stably maintained at all of the locations tested (8; C. A. M. de 
Haan and P. J. M. Rottier, unpublished results). In addition to 
the nature and the genomic position of the foreign gene, the 
properties (e.g., toxicity) of the translated protein may also 
have an effect. This may explain, at least in part, why the GFP 
gene was genetically stable and did not affect viral growth when 
inserted as a separate transcription unit (13, 15, 38, 40), 
whereas it was rapidly lost when engineered as part of the S 
protein. 

There are many reasons why carboxy-terminal extension of 
the S protein could lead to a decrease in fitness. The GFP 
moiety might interfere with the biogenesis of the chimeric 
protein, with the formation of trimers, with incorporation of 
these trimers into particles, or with virion assembly. Further¬ 
more, impaired transport of the S-GFP protein to the plasma 
membrane might delay the spread of the infection due to 
reduced syncytium formation. The lower infectious titers, ob¬ 
tained for the virus with the S-GFP compared to its wild-type 
counterpart, indicate either that fewer particles were produced 
or that these particles were less infectious. Quantification of 
the relative presence of the structural proteins in radiolabeled 
virus particles revealed that the extension indeed affects the 
incorporation of the S protein rather than particle formation. 
Because the N/M protein ratio in S-GFP virions was not de- 
tectably different from that of MHV-WT, incorporation of the 
nucleocapsid did not seem to be affected by the extended spike. 
Also, the amount of virions produced was not significantly 
changed since the ratio of intracellular versus extracellular 
nucleocapsid and membrane protein was not altered compared 
to MHV-WT (data not shown). This is in agreement with 
previous studies, which show that incorporation of the nucleo¬ 
capsid seems to involve interaction with the M protein (14, 26, 
28-30) but does not require the S protein, as demonstrated by 
the appearance of spikeless virions after tunicamycin treat¬ 
ment of infected cells (21, 35, 37). Nucleocapsid assembly is 
apparently not dependent on the cytoplasmic tail of the S 
protein. All of these observations are consistent with impair¬ 
ment in the incorporation of the S-GFP protein. As a conse¬ 
quence, the virions produced had a relative shortage of spikes, 
as was confirmed by the reduced S/N and S/M protein ratios, 
leading to a reduced average infectivity per particle. We can 
only speculate why the incorporation of the S-GFP was im¬ 
paired. Inclusion of spikes into virions is driven by heterotypic 


interactions with the M protein, which may be affected by the 
extension of the cytoplasmic domain of the S protein. Indeed, 
interaction with the M protein seemed to be affected as judged 
from the coimmunoprecipitation analysis (Fig. 3). The large 
GFP moiety presenting itself on the inner face of the assem¬ 
bling virion may also be actively selected against. Steric hin¬ 
drance of the proper interactions between the nucleocapsid 
and the envelope components may thus lead to the partly 
exclusion of the chimeric spike. In this latter case, it would 
mean that the fit between the nucleocapsid and its surrounding 
envelope is not rigid but instead quite pliable, since this exclu¬ 
sion is not complete. 

A few other examples have been reported where recombi¬ 
nant viruses were produced expressing a GFP-tagged struc¬ 
tural protein that was incorporated into the virion (4, 10, 11, 
33, 34). In the case of vesicular stomatitis virus (VSV) a gene 
construct encoding a VSV G protein cytoplasmically extended 
by GFP was engineered into the genome of this negative- 
stranded rhabdovirus as an additional genetic element (4). The 
protein was found to be incorporated into the virus in the form 
of mixed trimers, i.e., as complexes composed of both wild-type 
G and G/GFP fusion proteins. A recombinant VSV in which 
the G/GFP gene was replacing the G gene was unable to 
independently replicate but could be propagated by comple¬ 
menting it with the wild-type G protein. The majority of the 
recombinant viruses grown in this way had, however, lost their 
GFP expression already after one round of infection by the 
introduction of a stop codon in the carboxy-terminal domain of 
the G protein (4). Interestingly, the loss of expression of the 
GFP moiety from our MHV-SGFP was due to the deletion of 
the GFP gene rather than to the introduction of a stop codon. 
This might be a reflection of the different replication strategies 
that these viruses use. As for the VSV recombinant, the sta¬ 
bility of the MHV-SGFP could perhaps be increased by insert¬ 
ing the S-GFP gene into the coronavirus genome in addition to 
the wild-type S gene. 

The expression of foreign proteins as an extension of a 
structural virion protein rather than through an independent 
transgene can have its advantages for a number of purposes. 
Thus, expression of a chimeric structural protein can be useful 
for studying virus assembly requirements as shown here. How¬ 
ever, a foreign protein can also be appended to a structural 
protein to load the resulting virus particles with a specific 
biological activity, such as an enzymatic activity to be delivered 
into cells, or with a specific function, such as a targeting func¬ 
tion to direct the recombinant virus to selected cells. The 
S-GFP protein that we constructed in the present study for our 
ongoing analysis of coronavirus structure and assembly pro¬ 
vides us now with a virus, the fluorescent properties of which 
may allow us to investigate cell entry of coronaviruses by using 
time-lapsed imaging fluorescence microscopy. 
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